The fine handling and handling of hand tools is a major challenge of modern robotics. The problem involves both the design of hardware equivalent to the human hand and the development of control strategies. This paper proposes a strategy to control the grasp of an anthropomorphic robotic hand, so that it can make the stable grasp of a deformable cylindrical object, avoiding its slipping or damage. Slip detection is done by analyzing the signals from force sensors located in the robotic hand. The reduction in the error of this variable guarantees the grasp without effects on the structure of the object. The strategy is implemented on a real prototype, observing an excellent performance.
Introduction
Robotics is a very broad field of study, of great interest and with many unresolved open problems. One of these areas involves interaction with humans, an area that leads to the operation of robots in human environments [2] . These constraints create the need to develop prototypes that mimic human functionalities, such as the hand [5] . In recent research it is possible to find anthropomorphic robotic hands that allow to simulate movements and grasps [3, 4] , hands adapted or created for use in prostheses [6] , or robotic hands used in industry [1] .
There are two factors that affect the grasp of an object. The first is grasping force and the second is sliding. In order for the robot hand to develop a stable grasp on an object and prevent it from falling, it must be given the ability to detect slippage. This slip can be identified by analyzing the sensor signals on the fingers.
Paper [10] mentions that movement between two rough surfaces induces vibration signals. The study of these signals allows the detection of slippage. When slippage occurs, the signal changes from a predominantly low frequency (0-5 Hz) to a predominantly higher frequency (5-100 Hz).
The initial slippage of the object is the key to preventing it from falling [13] . The sudden change in wave coefficients can be used to detect the onset of slippage. Commonly used methods to detect slippage are:
1. Observe the relationship between tangential force and normal force at the point of contact (requires the use of multi-axis force sensors) [7] .
2. Measure rapid changes in shear force using pressure sensors (requires friction coefficients which are difficult to determine) [11] .
3. Observe the movement of the object from the robotic hands, using sensors such as optics or accelerometers (inaccurate if not using large additional processing) [8, 9] .
4. Measure and analyze shear force vibration while the object being held is slipping out of robotic hands [12] . Vibration can be detected by various sensors such as accelerometers, acoustic resonant sensors, piezoelectric thick film sensors, piezoresistive sensors, piezoresistive sensors, touch and optoelectronic sensors.
The paper is organized as follows. In Section 2 we present some preliminary concepts, the functional profile of the prototype and details of the proposed control scheme, including the selection criteria and final specifications adopted. In Section 3 we present the evaluation of the performance of the prototype. Finally, the Section 4 concludes the paper.
Materials and Methods
The calibration of the force sensors was done with a glove (Fig. 1) . The glove emulated the grasp under different conditions, and we were able to record data for analysis and characterization.
We make many grasps of the object in order to characterize the different states that occur in the grasp, especially when slipping occurs. With the information we can clearly differentiate three states: when the object is grabbed, Figure 1 : Tests for force sensor characterization.
when the object is sliding and when the object is not grabbed. The transition between the different states can be seen in the Fig. 2 .
Sensor signals were analyzed in MatLab. Fig. 2 shows five states in the detected signals. State 0 when the object is absent, states 1 and 3 when the object is firmly grasped, and states 2 and 4 when the object is sliding. Once each zone is identified, we perform a frequency domain analysis for each signal state using the Fast Fourier Transform (FFT). This analysis allowed to find particular frequency characteristics in each one (Fig. 3) .
We observe that for non-slip events the signal is formed by frequencies lower than 10 Hz, and for slip signals higher frequency peaks appear, which are between 40 and 60 Hz. This checks that the signal frequency varies when the object is sliding, and allows us to use this feature to make control decisions.
The signals in Fig. 3 are filtered to remove noise and high frequency components. We use a band pass filter from 10 Hz to 50 Hz (Fig. 4) . To perform the control, the control unit must evaluate the state of the hand and close each of the fingers until the object is detected and slippage is 
Results and Discussion
The robot used was designed by the ARMOS group replicating the morphology of the human hand, but with greater movement capacity in the joints (Fig. 5) .
For the design and testing of the grasp control scheme, we selected a soda can as the object.
The robotic hand is built on a human scale, using servomotors, linear actuators, and hemp yarn for the tendons. This hand has 15 servomotors of 180 degrees. Each finger has three movements that are generated by three servomotors. The first one moves the tip of the finger, the second one handles the knuckle and finally the abduction and adduction movement. In the case of the thumb, the movements are horizontal, vertical and tip.
The control unit is implemented in an Arduino Mega 2560. This unit reads the values from the force sensors, analyzes them and sends the control actions to the motors. The hand has a resistive force sensor (FSR) on the tip of each finger, according to the values read from these sensors the control determines the state of the grasp and whether there is slippage. The conditioning of the sensor was done so that the variation of force on the membrane would cause changes in its output voltage.
After several tests on the robotic hand prototype, we demonstrated that the grasp of the object was stable, it was done firmly, and without causing deformations (Fig. 6 ). 
Conclusions
This paper details the analysis and design of a safe grasping scheme for fragile objects in a robotic hand. The scheme performs analysis of the signal produced by force sensors placed on the fingers of the hand. The system not only detects the presence of the object, but also its slippage by means of frequency analysis of the signals. Thanks to this analysis, the control unit precisely determines the action on the motors that allow a safe grasp without deforming the object.
